Introduction
The viability of the bowel must be evaluated carefully during surgery when the damaged bowel is resected for ischemic disease, including acute mesenteric occlusion or strangulated ileus. Under such conditions, the viability is usually assessed by the color of the serosal surface of the damaged bowel; 1 however, this type of intraoperative evaluation is subjective, and based on the experience of the surgeon. Consequently, there are few criteria for setting the optimal cut-line for the bowel. The choice between making a stoma after bowel resection and performing one-step bowel anastomosis in a patient with a highly ischemic or damaged bowel also remains controversial. The former procedure requires two-step surgery and results in a longer hospital stay, whereas the latter procedure is associated with a risk of anastomotic leak.
Although it is desirable to remove the entire section of bowel thought to have impaired blood supply, massive bowel resection can result in the insufficient absorption of nutrients, and a subset of patients may suffer short bowel syndrome. 2 Furthermore, some parts of the bowel are dedicated to the absorption of specific nutrients; for example, iron is absorbed from the terminal ileum. Therefore, it is very important to estimate the viability of the bowel accurately during surgery for ischemic bowel disease.
A free jejunal graft is now commonly used for reconstruction of the cervical esophagus. [3] [4] [5] [6] [7] [8] Free jejunal autotransplantation is a relatively safe procedure, although anastomotic leakage develops in 3%-33% of patients, 9,10 and the risk increases when blood supply to the graft, especially to the anastomotic site, diminishes. Consequently, it is important to accurately evaluate the blood supply to the anastomotic site during reconstruction of the cervical esophagus using a free jejunal graft.
Some devices for evaluating the visceral blood flow intraoperatively have been found to be inconvenient.
Thus, we used two-wavelength near-infrared spectroscopy (NIRS), which was recently developed for quantifying tissue oxygen saturation (StO 2 ) quickly, to estimate the StO 2 of the revascularized jejunum. The relationship between the blood flow of the marginal artery and the StO 2 of the autograft was also evaluated.
Materials and Methods

Animals
Twelve female domestic pigs, weighing 30.3-37.0 kg, were used in this study. The animals were fasted for 24 h before the experiments, and allowed only water. All experimental procedures were performed in accordance with the Principles of Laboratory Animal Care formulated by the National Society for Medical Research, and the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources of the National Research Council, published by the National Academy Press, revised in 1996.
Near-Infrared Spectroscopy
The StO 2 of the graft was measured using twowavelength NIRS (PSA-500; Biomedical Science, Kanazawa, Japan). Before this study, we used a NIRS probe that contained three light-emitting diodes as a light source and three pairs of silicone photodiodes to detect the intensity of reflected light. In the present study, we used a new probe containing eight lightemitting diodes and eight pairs of silicone photodiodes, to decrease the errors.
Surgical Procedure
Anesthesia was induced with intramuscular ketamine, 10 mg/kg body weight, and maintained with endotracheal halothane, 0.5%-1.5%, in a mixture of oxygen and nitrous oxide gas and intravenous pancuronium bromide, 0.04 mg/kg.
We made a reversed T-shaped incision in the anterior cervical region, and dissected the muscles and other tissues. The left internal carotid artery was cannulated for arterial pressure monitoring, and a Swan-Ganz catheter (Intellicath CCO/VIP, SAT-2 Oximeter/Cardiac Output Computer; Baxter, Irvine, CA, USA) was inserted into the left jugular vein. After resecting the hypopharynx, larynx, and cervical esophagus, we performed an upper median laparotomy and prepared to harvest a 12-inch-long jejunal graft. The jejunal graft was isolated on its vascular pedicle near the root of the mesentery, and a segment of the bowel was transected. The free ends of the native jejunum were then reanastomosed in an end-to-end fashion. The proximal end of the jejunal vascular pedicle was ligated and divided after giving intravenous heparin, 200 IU/kg. After harvesting, the jejunal graft was transferred immediately to the cervical region. The jejunal artery and vein were anastomosed to the internal carotid artery and the internal jugular vein, respectively, using 7-0 prolene sutures in a standard end-to-side fashion. The vessels were reperfused after the graft had been subjected to a total ischemic time of 60 min in all 12 pigs.
The cephalad enteric anastomosis was performed in two ways. The pharyngeal stump and the oral side of the jejunal graft were anastomosed end-to-end in six pigs (Group 1), and end-to-side in six pigs (Group 2). The caudad end of the jejunal graft and the esophageal stump were anastomosed end-to-end in both groups. All enteric anastomoses were done using the Lembert stitch with 3-0 silk.
Measurements
The mean arterial pressure (MAP), central venous pressure (CVP), systolic pulmonary artery pressure (SPA), and cardiac output (CO) were measured and recorded before division of the graft vessels and after reperfusion. The arterial blood flow of each graft was measured and recorded at the same times using a Transonic T108 (Ithaca, NY, USA) volume flowmeter. The StO 2 of the graft was measured using a PSA-500 twowavelength near-infrared spectroscope before division of the graft vessels and after reperfusion. Each measurement of StO 2 was taken for 10 s, and duplicated. The mean of the two values was used for the StO 2 . We measured StO 2 at five points before division of the graft vessel (points A, B, C, D, and E), and at four points after reperfusion of the graft (points A, B, C, and D) in all 12 pigs. The StO 2 at the cephalad anastomotic site of the graft was measured at point F in Group 1 and at point G in Group 2 (Fig. 1) .
Statistical Analysis
Results are expressed as mean Ϯ SD. Comparative analysis was performed using Student's t-test and the paired t-test with StatView software (SAS Institute, Cary, NC, USA). Regression analysis was used to determine a coefficient of correlation between StO 2 and arterial blood flow with StatView software. A P value of less than 0.05 was considered significant.
Results
MAP, CVP, SPA, and CO
There were no significant differences in the overall MAP values (P ϭ 0.28, paired t-test) or in the CVP, SPA, and CO values before division of the graft vessels and after reperfusion (Table 1) .
Arterial Blood Flow
The mean arterial blood flow of the graft was not significantly different before division of the graft vessels and after reperfusion (P ϭ 0.34, paired t-test); at 22.1 Ϯ 8.0 ml/min and 21.0 Ϯ 8.7 ml/min, respectively (Table 1) .
StO 2 of the Jejunal Graft
The mean StO 2 at the midpoint of the graft (C) was not significantly different before division of the graft vessels and after reperfusion (P ϭ 0.95, paired t-test); at 65.8% Ϯ 5.0% and 65.7% Ϯ 4.0%, respectively ( Table 1 ). The mean StO 2 before division at the midpoint of the graft (C) was significantly higher than that at its distal points , and (E) was 60.8% Ϯ 3.6%, 63.1% Ϯ 4.2%, 65.8% Ϯ 5.3%, 62.3% Ϯ 3.1%, and 60.7% Ϯ 2.8%, respectively (Fig. 2) . The mean StO 2 after reperfusion at the midpoint of the graft (C) was higher than that at its distal points (A) and (B) [(C) vs (A), P Ͻ 0.01; (C) vs (B), P ϭ 0.02]. The mean StO 2 at (A), (B), (C), and (D) was 60.5% Ϯ 3.0%, 61.4% Ϯ 3.5%, 65.7% Ϯ 4.0%, and 63.2% Ϯ 4.2%, respectively (Fig. 3) . The mean StO 2 at the cephalad anastomotic site of the graft was significantly different in Groups 1 and 2 (P ϭ 0.048, Student's t-test). The mean StO 2 at the anastomotic site of the graft was 58.6% Ϯ 3.4% in the end-to-end grafts and 62.4% Ϯ 2.5% in the end-to-side grafts (Table 2) . However, there was no significant difference between the StO 2 at the cephalad stump of the jejunal graft before division of the graft vessels (E), and after reperfusion (F and G) [(E) vs (F), P ϭ 0.43; (E) vs (G), P ϭ 0.76; paired t-test]. P Ͻ 0.01) and after reperfusion (r 2 ϭ 0.559, P Ͻ 0.01) (Fig. 4) .
Discussion
Several methods of evaluating visceral blood flow intraoperatively have been proposed, including the ultrasound Doppler system (UDS), 11, 12 hydrogen clearance (HC), 13 radioactive isotope washout (RIW), [14] [15] [16] transonic volume flowmetry (TVF), fluorescein flowmetry, 17, 18 and laser Doppler flowmetry (LDF).
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However, each of these methods has its own drawbacks. Ultrasound Doppler tends to be subjective and unreliable; HC, RIW, and fluorescein flowmetry 21, 22 can evaluate objectively, but they are invasive or inconvenient; and TVF estimates the arterial blood flow accurately, but it requires sufficient exposure of the artery. (Therefore, because it is relatively difficult to evaluate the blood flow in a narrow space, it is almost impossible to measure the blood flow of the rectum or an anastomotic site of low anterior resection with TVF.) Finally, LDF is a simple and noninvasive method, but there are several methodological drawbacks associated with this technique, including a small sampling area and the necessity for contact between the probe and the tissue being sampled, which may itself influence local perfusion. The sampling area of laser Doppler probes is dependent upon their geometry, but it is usually between 1 and 3 mm 2 . Because of the heterogeneity in the blood flow of the bowel, single measurements may not be representative of its overall perfusion.
Near-infrared spectroscopy was recently developed for quantifying StO 2 noninvasively. Near-infrared light passes through biological tissue with relative ease and is absorbed by oxygenated and deoxygenated tissue hemoglobin. These molecular species have distinctly different absorption spectra in the NIR region and therefore, changes in the tissue concentration of each molecule can be calculated by the absorption changes at various wavelengths. There are various kinds of NIRS. In three-wavelength NIRS, which we used until the time of this study, StO 2 is calculated as oxygenated Hb divided by the sum of oxygenated and deoxygenated Hb; however, this is inaccurate because the total light absorption includes the light absorption of tissue as well as blood. Consequently, we used the improved twowavelength NIRS, which eliminates this noise, to evalu- 
Relationship Between StO 2 and Arterial Blood Flow of the Jejunal Graft
The StO 2 at the midpoint of the graft was significantly correlated with the mean arterial blood flow of the graft both before division of the graft vessels (r 2 ϭ 0.700, ate StO 2 in the present study. Two-wavelength NIRS uses another method, with the difference in light absorption at two wavelengths high-cut and differentiated by time, to evaluate StO 2 , and it is not affected by the light absorption of tissue other than blood. The difference in light absorption at two wavelengths (750 and 830 nm), high-cut and differentiated by the time, was applied to the Lambert-Beer law, and StO 2 was calculated by the formula:
In this formula, CHbO 2 is the concentration of oxygenated Hb, CHb is the concentration of deoxygenated Hb, and L is the length of the path of light transmitted through the solution.
Near-infrared spectroscopy has been used in several experiments and is considered a valuable tool for assessing vascularization based on the StO 2 in the heart, 23, 24 brain, [25] [26] [27] liver, 28 skeletal muscle, 29, 30 and other organs and tissue. 18 It has been described as a useful method of assessing StO 2 in surgery because of its noninvasiveness and simplicity. However, there are few reports on StO 2 measurement in the gastrointestinal tract, especially in the revascularized jejunum.
Intraoperative measurement must be safe, easy, and preferably noninvasive, because dye infusion can burden the liver, kidneys, and the infused organ. Considering that the surgical site is not usually wide enough for every kind of measurement, ideally, the surgeon should be able to perform the procedure in a narrow space and within a short time. Near-infrared spectroscopy appears to be a suitable method for measuring tissue oxygenation during surgery and has been validated against other accepted techniques. Evaluation using NIRS is completely noninvasive and simple. Furthermore, it is cost-effective because the master probe is reusable. In NIRS, the probe is placed on the tissue, without needing to isolate the feeding artery, as with TVF. Therefore, NIRS can evaluate the oxygenation of tissue, which was previously difficult to measure, in 10 s. The sampling area of our two-wavelength NIRS probe was about 1.5 cm 2 . Therefore, the influence of the probe on local perfusion seems to be much less than that of LDF.
The major findings of this study were: first, there was a correlation between the blood flow of the graft artery measured by TVF and the StO 2 of the graft measured by NIRS (Fig. 4) ; second, the StO 2 at the midpoint of the jejunal graft (C) was higher than that at its distal point (Figs. 2 and 3) ; and third, the StO 2 at the proximal site of the graft with an end-to-side anastomosis was higher than that of the graft with an end-to-end anastomosis ( Table 2 ). The natural shape of a free jejunal graft is not straight and when a cephalad anastomosis is done in an end-to-end fashion, the bilateral anastomotic site may have some tension. Consequently, we usually perform pharyngojejunostomy using an end-to-side anastomosis instead of an end-to-end enteric anastomosis, because the blood supply from the end of the intestine is considered to be poor. Accordingly, the StO 2 at the cephalad anastomotic site of the graft secured in an end-to-end fashion was lower than that of the graft secured in an end-to-side fashion, although the clinical relevance of this decrease in tissue oxygenation has not been clarified. There was no significant difference between the StO 2 at the cephalad anastomotic site of the graft before division of the graft vessels and after reperfusion. This indicates that the StO 2 of the reperfused bowel should remain within normal limits if the ischemic time is kept to within 60 min.
The present study consisted of short-term experiments; therefore, we could not evaluate the relationship between the StO 2 of the graft and the tendency toward anastomotic leakage. Further studies are required to investigate the relationship between StO 2 and the viability of the gastrointestinal tract, including healing of the anastomotic site and recovery from ischemia of the bowel.
The findings of this study suggest that StO 2 of the free jejunal graft can be easily and reliably measured at the time of cervical esophageal reconstruction with two-wavelength NIRS. Thus, two-wavelength NIRS is a promising new method for monitoring tissue oxygenation in the gastrointestinal tract, which will also be useful for determining variations in oxygenation associated with other anastomoses or ischemic bowel diseases.
